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[57] ~ ABSTRACT

A radiation detector for use on X-ray CT scanner with
a plurahty of elements arrayed to form a detector block,
which is structured that a plurality of thin-film photodi-
odes consisting of amorphous silicon each are formed
on the back of a scintillator block having a width to
cover the plurality of elements, a platelike supporting
member provided with signal lines on the back is
bonded to cover the photodiodes, the photodiodes and
the signal lines are connected together through wire
bonding, the scintillator block is divided into each ele-
ment across separators on the supporting member.

12 Claims, 8 Drawing Sheets
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FIG. 2
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FIG. 3A
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RADIATION DETECTOR AND MANUFACTURING
PROCESS THEREOF

BACKGROUND OF THE INVENTION

1. Field of Industrial Application

This invention relates to a radiation detector utilized
for an X-ray CT scanner, and is particularly concerned
with a radiation detector less in dispersion of detection
sensitivity, high in detection sensitivity at high S/N
ratio, easy for packaging, and a manufacturing process
thereof.

2. Prior Art

A typical radiation detector for use on X-ray CT
scanner includes that for which a scintillator and photo-

diode are combined. |
Then, as mentioned in “OYO BUTURI”, vol. 55 No.

8, 1986, published by Japan Society of Applied Physics,
pp. 824 to 829, an application of an amorphous silicon

5.

10

15

photodiode is now being realized in then production of 20

photodiodes.

The radiation detector for use on X-ray CT scanner
wherefore an amorphous silicon photodiode is used in
disclosed in Japanese Patent Laid-Open No.
151781/1987. In the example, an electrode from amor-
phous silicon photodiode is provided on a side end
portion of a scintillator, and a substrate provided with a
signal line beforehand is connected to the side end por-
tion to wiring.

SUMMARY OF THE INVENTION

In the aforementioned prior art nothing has been

taken into consideration for packaging a multiplicity of
elements with precision and efficiently, and thus adja-
cent elements are disclosed from each other every so

often. As a result, in case the detector is used on CT
scanner, a quality of CT picture deteriorates. inevitably,
an artifact is produced and so forth.

As for structure wherein elements can be arrayed
accurately particulars are given in application for U.S.

patent Ser. No. 07/239,387 titled “Multi-Element Type.

Radiation Detector”, filed Sept. 1, 1988 now U.S. Pat.
No. 4,982,095, which was filed by some of the inventors
and assigned to the same assignee.

However, a structure and manufacturing process of
the multi-element type radiation detector ready for
wiring from a multiplicity of detector elements and
using a high reliability amorphous silicon are not dis-
closed therein.

One of the objects of the invention is to provide a
radiation detector block for use on an X-ray CT scanner
which is ready for wiring and high in reliability.

Another object of the invention is to provide a radia-
tion detector block for use on X-ray CT scanner work-
ing at a high S/N ratio.

An even further object of the invention is to provide
a radiation detector block for use on an X-ray CT scan-
ner, lightweight and solid in structure, and free from
noise arising due to vibrations at the time of high-speed
rotation of a detector block.

The invention is characterized by a construction
wherein a plurality of thin photodiodes each consisting
of an amorphous silicon are formed on the back of scin-
tillator block having a width sufficient to form a plural-
ity of detector elements, a platelike supporting member
with a signal like provided on the back thereof 1is
bonded to cover each of the photodiodes and the photo-
diodes and a signal line on the supporting member are
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connected through a wire bonding, and the scintillator
block is divided into each detector element across a
separator on the supporting member. In such construc-
tion, since each divided scintillator has the back fixed

firmly on the supporting member, a high positional

precision and reliability are ensured, and each signal
line can be arranged easily and at high reliability
through the wire bonding.

Another feature of the invention will be made appar-
ent according to a concrete description of the embodi-
ment. |

BRIEF DESCRIPTION OF THE DRAWINGS

FIG.1A, B, Cand FIG. 3 A, B, C are plan views and
side views representing a state halfway of a manufactur-
ing process of one embodiment of the invention;

FIG. 2 is a sectional view showing one part of the
embodiment; |

FIG. 4 is a side view showing a state wherein the

embodiment is completed; ~

FIG. 5, FIG. 6 and FIG. 7 are sectional views repre-
senting an example of detailed sectional form of the
embodiment, each;

FIG. 8 and FIG. 10 are a perspective view and a plan
view respectively, showing an example of a form of
photodiode of the embodiment;

FIG. 9 A and B are characteristic drawings showing
a sensitivity distribution of the embodiment, each;

FIG. 11 is a circuit diagram showing an electrical
connection of the embodiment;

FIG. 12, FIG. 13, FIG. 14 and FIG. 15 are character-
istic drawings showing various characteristics to a
thickness or capacitance of the photodiode of the em-
bodiment.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENT

The invention will now be described with reference
to FIG. 1 representing one embodiment thereof.

In the embodiment, X-ray detector elements are ar-
rayed in 12 pieces to form a detector block, and a plural-
ity of detector blocks are arrayed circularly to form a
detector array for an X-ray CT scanner. FIG. 1 shows
a stage halfway in a manufacturing process of the detec-
tor block. FIG. 1 A shows a back of the block, and
FIGS. 1 B and 1 C show, respectively a side thereof.

A scintillator 11 is made of ceramic with Gd,0»S: Pr,
Ce, F as components, and its dimensions are, for exam-
ple, 20 to 30 mm longitudinally, 15 to 25 mm in the
direction of channel and 1 to 3 mm in thickness. Pin-
structured photodiodes 12 each consisting of an amor-
phous silicon layer 16 to 26 mm long and 1 to 2 mm
wide are arranged in 12 pieces provided on the back of
the scintillator. FIG. 1 A indicates only that portion of
of a photodiode position on the end representatively by
a broken line.

- FIG. 2 is a sectional view showing a detail of a scintil-
Jator 11, the photodiode 12 and a bonding pad 15. An Al
light reflection layer 67 is provided on a front (X-ray
incident plane) of the scintillator 11, and an S10; protec-
tion layer 61 is provided on the back thereof. A trans-
parent electrode 62 of indium tin oxide (ITO) is pro-
vided on the protection layer 61. The bonding pad 135 1s
provided on the ITO 62 at an end position of each ele-
ment domain obtained through dividing the back of the
scintillator into said 12 pteces. Then, a p-type amor-
phous silicon layer 63, an i-type amorphous silicon layer
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64, an n-type amorphous silicon layer 65 and an upper
electrode layer 66 are provided successfuily on the ITO
62 at the remaining portion of each domain, thus form-
ing the pin photodiode 12.

With reference again to FIG. 1, a supporting member
13 is bonded on the photodiode by an insulating adhe-

sive 14. The supporting member 13 1s bonded to cover
all the 12 photodiodes. an end portion of each photodi-
ode is left exposed for wiring. The supporting member
13 is formed of a ceramic insulator or glass epoxy, and
signal lines 19, 20 for each element are formed on its
back through a printed circuit. Further, each signal line
is connected to pins 21, 22 for external connection. The
bonding pad 15 of each photodiode 12 and one end of
the signal line 19 are connected through wire bonding.
An exposed portion of the upper electrode 66 of a pho-
todiode 12 and one end of the signal line 20 are con-
nected likewise through wire bonding. Conductors 17
and 18 used therefor are gold or aluminum wires. Then,
the conductors 17 and 18 are indicated for one element
only so as to avoid a visual confusion in FIG. 1.

Next, the wire bonding part is protected, as occasion
demands, by insulating resin or the like, and then the
scintillator is cut at a position 30 indicated by one-dot
chain like in FIG. 3 A, or along the line to divide each
element domain. For cutting, the scintillator 11 is
grooved from an X-ray incident plane side by means of
a diamond. The groove can be adjusted to be 100 to 200
u 1n width.

As described above, since the scintillator block 11 has
already been bonded solidly to the supporting member
13, each scintillator element will not separate into pieces
even from cutting the scintillator 11 thoroughly in the
process, and a positional precision of the element array
may be ensured accordingly. It is preferable that the
groove be deep to reach at least the surface of the sup-
porting member 13. Next, as shown in FIG. 3 B and
FIG. 3 C, a separator 31 1s mnserted 1n the groove. The
separator 31 is that for which aluminum 1s vaporized on
the surface of a molybdenum plate having a thickness of
50 to 150 um and is functional as separating light be-
tween scintillators of each channel and a scattered radi-
ation, and reflecting the scintillation light to enhance
sensitivity. Further, as shown in FIG. 4, a second sup-
porting member 51 in which a wire bonding position is
hollowed out is fixed on a back of the supporting mem-
ber 13 and one end of the scintillator 11 with an adhe-
sive. The supporting member 13 described hereinabove
cannot be thickened excessively as wire bonding 1s per-
formed on its end position. Accordingly, there may be a
case where strength is not fully ensured only by the
supporting member 13. A satisfactory strength may
therefore be obtained by additionally bonding a sup-
porting member 51 thereon. Then, the bonding pad 135
thickened enough may facilitate wire bonding work.
Consequently, the bonding pad 15 is obtainable other-
wise through building up a conductor by a thick-film
printing on a metallic layer formed by a thin-film pro-
cess. Further, if the bonding pad 15 thickened suffi-
ciently so as not to be cut when cutting the scintillator
11, then 1t can be used as a ground electrode common to
the 12-channel detector elements.

Thus, the detector block consisting of 12 elements
which 1s bonded to the supporting member 13, has a
signal line connected thereto and further the other sup-
porting member 51 bonded thereto is lightweight and
solid, and hence is suitable for constructing a detector
array for use on CT scanner.

4

Next, a shape of the photodiode of the aforemen-

~ tioned detector will be described in detail. FIG. § is an
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enlarged sectional view of the photodiode taken on line
Q—Q’' of FIG. 3 A. Like reference characters represent
like parts of FIG. 2. The amorphous silicon layers 63,
64, 65 and the upper electrode 66 which form the photo-
diode are formed at positions away from the groove for
separating the channels, and these portions will be cov-
ered by the adhesive layer 14. Thus, the adhesive layer
14 functions as a protection layer, and prevents the
adjacent photodiodes from short-circuiting electrically
each other through the separator 31. The each groove
reaches the supporting member 13, as shown in FIG. 5,
and it is preferable that a tip of the separator 31 reach
the supporting member 13 for prevention of a crosstalk
between the channels. However, if a material opaque to
the scintillation light is used for the adhesive 14, then
the situation that the tip of groove or separator 31 has
reached the adhesive layer 14 as shown in FIG. 6 leaves
nothing to be desired. Further, as shown in FIG. 7, if
the surface of the photodiode 12 that the adhesive cov-
ers at least is coated with an insulation protection layer
34 such as polyimide isoindoloquinazolinedione, SiO; or
the like, the adhesive 14 must not necessarily be an
insulating material. .

F1G. 8 shows the most desirable form of the photodi-
ode 12. It is preferable that the photodiode 12 has a
shape a little wider in width, as illustrated, when it
approaches the opposite ends. FIG. 9 A shows a distri-
bution of X-ray detection sensitivity in the longitudinal
direction (X direction of FIG. 8) when the photodiode
is formed into a rectangle uniform in width, and FIG. 9
B shows a similar sensitivity distribution in the shape of
FIG. 8. A light transmission efficiency to the photodi-
ode varies between end position and center according
to a dispersion of the light in the scintillator. Accord-
ingly, X-ray detection sensitivity at the end portion
deteriorates, as shown in FIG. 9 A, from forming the
photodiode into a rectangle uniform in width. Then, in
the shape of FIG. 8, a deterioration of the detection
sensitivity at the end portion is reduced, and the sensi-
tivity distribution in the direction X, or in the direction
of thickness of a fan beam of X-ray CT scanner becomes
close uniformly as shown in FIG. 9 B. The uniform
sensitivity distribution is available to reducing a genera-
tion of artifact characteristic at the time of centriciput
image pickup.

FIG. 10 represents another example wherein the
sensitivity distribution in the direction X is 1dealized
best. The photodiode 12 1s formed into a rectangle uni-
form in width, however, the rectangular photodiode is
grooved 35 through laser patterning, and the photodi-
ode is removed partially, thereby adjusting the sensitiv-
ity. Here, a beam width of the laser patterning will be
kept at, for example, 100 to 500 um, which must be
small as compared with an expansion of the lumines-
cence flux in the scintillator. Then, the groove 35 1s
made rough in pitch near the end portion but fine at the
center, thereby keeping the sensitivity uniform as a
whole. The pattern for removal in the embodiment may
be a form such as dot or the like otherwise.

Described next is a thickness of the photodiode for
detectors, and particularly a thickness of the i-type
amorphous silicon layer.

In the pin-type photodiode used for the above-
described embodiment, the thickness of a depletion
layer is almost equal to a thickness d of the i-type layer
(with reference numeral 64 in FIG. 2). Further, the
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thickness d relates to a value of the light detection cur-
rent of a detector and an S/N ratio of the detection
signal. First, a noise voltage V  of the detection signal
is expressed generally by the following equation:
VA=V + VD (1)
where V ydenotes an X-ray quantum noise voltage, and
V p denotes a detector noise voltage.
Accordingly, with a detection signal voltage as Vs,
the following equation 1s obtained: |

(S/NY=V2/VN = Vs2/ (Vi + VD) 2)

In the detector for use on X-ray CT scanner of the
invention, an output of each photodiode is connected to
a detection circuit including an operational amplifier 43
shown in FIG. 11, and the detection signal voltage Vg

is obtained. Then, in FIG. 11, R; denotes an input resis-
tance, Ry denotes a feedback resistance, Cy denotes a

feedback capacitance, and C; denotes an input capaci-
tance caused by a capacitance C of the photodiode 12.
The detection signal voltage Vg is expressed by the
following equation:

Ve=isRs=eXpg(d)Ry (3)

where i; denotes a signal current, X denotes an X-ray

absorptiveity (X —photon number/elements-sec.) of the
detector scintillator, p denotes a conversion quantum
efficiency of a phosphor from X-ray photon into visible
photon, and q(d) denotes a photoelectric conversion
quantum efficiency dependent on a depletion layer
thickness of the amorphous silicon photodiode 12.

That is, Vs represents a function of the depletion
layer thickness, or the i-layer thickness d, and the 1-layer
thickness d is normally set so as to maximize Vs. With
a green light selected as typical of a scintillator-emitted
light wave length, and an area of the photodiode kept
constant at 25 mm?2, a result given in FIG. 12 was ob-
tained from measuring Vs to the green light by chang-
ing the i-layer thickness d variously. From FIG. 12, it 1s
understood that the detection signal voltage Vg will be
maximized at d being about 0.5 um.

On the other hand, the noise voltage V y will be taken
up as follows:

First, the X-ray quantum noise voltage Vy 1s ex-
pressed by the following equation: |

(3)

Vy = Vg JX-I.

where t denotes an X-ray irradiation time.

Then, in a diagnostic X-ray CT scanner, an X-ray 120
K volt in X-ray tube voltage is irradiated at 1 mR for 1
ms per, for example, profile data. When transmitted
through the human abdomen, the X-ray attenuates to
about 1/1,000. Consequently, with an X-ray-absorp-
tivity of the scintillator at 0.9 and an X-ray incident area
of the scintillator at 20 mm?2, the number of X-rays X;
absorbed by the detector is:

X, = 1 (mR) X 20 (mm?) X 6.67 X (5)
10!1(X — photon/mR - mm?) X 10—° X 0.9 = 1.2 X

104X — photon/elements)
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| 6
Accordingly, from Egs. (3) to (5), (§/N)x due to an
X-ray quantum noise may be such as expressed by the
following equation:

(6)
(S/Ny = ‘IX- t = 110

Next the detector noise voltage V p will be taken up
for examination. The noise to be considered in a detec-
tion system of FIG. 11 includes a current noise and a
voltage noise. However, in the case of amorphous sili-
con diode, a resistance of the material itself is high, and
a leak current is minimized at, for example, 10 to 20 pA,
therefore the current noise may be neglected.

On the other hand, the voltage noise chiefly comes in
a resistant heat noise and an operational amplifier noise.
The operational amplifier noise increases according to
an increase of the input capacitance C;. In the case of

detector for use on the X-ray CT scanner using an
amorphous silicon diode according to the invention,
while a large area as 20 to 30 mm? is required for the
diode, the depletion layer thickness is extremely small.
Accordingly, the capacitance C of the photodiode 1s
maximized, and the input capacitance C; of the opera-
tional amplifier becomes large, therefore the detector
noise voltage V pdepends chiefly on C;. FIG. 13 shows
a result obtained through having confirmed the above
experimentally. That is, with Rrat fM(Q and Crat 40 pF
in the detection circuit of FIG. 11, a plurality of X-ray
detection systems different only in input capacitance C;
are prepared by changing chiefly the thickness of pho-
todiodes, and values of the detector noise voltage Vp
are obtained through measuring the output voltage Vs
without incidence of the X-ray. From FIG. 13, it 1s
found that Vp C;at C;=1,500 pF or over for C;depen-

- dency of Vp. |

Further, with the diode area constant at 25 mm?, a
result given in FIG. 14 was obtained from ensuring a
relation between the i-layer thickness d of the photodi-
ode and the noise voltage V p. From comparing FIG. 14
with FIG. 12, it can be said that while the optimum
i-layer thickness d is about 0.5 um from the viewpoint
of expecting the maximum output voltage, the value d 1s
not necessarily to ensure the detector with high S/N
ratio as the detector noise voltage Vp is large. A
graphed result obtained through getting an S/N ratio
(S/N)pcaused by Vpfrom data of FIG. 12 and FIG. 14
is shown in FIG. 15. One-dot chain line of FIG. 13
indicates the level of S/N ratio (S/N)x caused by the
X-ray quantum noise voltage Vy calculated according
to Eq. (6) hereinbefore.

The matter on how many times of the X-ray quantum
noise voltage Vy is the final detection signal noise Vy
permitted as the X-ray CT system varies according to a
pickup portion and object of diagnosis, however, it is
normally conceivable that V ymay be permitted as high
as 1.1 times of Vy. Now, therefore, if V1.1V xy1s a
specification required for the system, a required specifi-
cation for Vpis Vp=0.46Vy from Eq. (1).

Thus, the following equation is obtained.

(S/N)p=(S/N)x/0.46==2.2(S/N)x (14)

If the condition of Eq. (14) is applied to FIG. 15, the
above range is so indicated by a broken line (a) of FIG.
15, and the i-layer thickness d will be:

0.9 pum=d=3.0 um (15)
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That is, in the range of the i-layer thickness, an S/N
ratio of the signal obtained finally is caused chiefly by a
quantum noise of the incident X-ray, thus realizing a
high S/N ratio. Further, in the range indicated by the
broken line in FIG. 15, or

1.25 um=d=2.5 um (16)
(§/N)p 1s 300 or over. Accordingly, a noise of the de-
tection system is so small as to be neglected as com-
pared with the X-ray quantum noise, and a radiation
detection is realizable at high S/N ratio.

Then, Egs. (15) and (16) represent results obtained
through data of the photodiode 25 mm? in area. On the
other hand, the input capacitance C; which is a main
~cause of the noise voltage V pdepends not only on d but
also on area of the photodiode. That is, the following
equation may hold:

Ci~C=¢€€0S5/d (17
where ¢ denotes a dielectric constant of amorphous
silicon, €o denotes a vacuum dielectric constant, and S
denotes an area of a-Si photodiode.

Now, the following equation will be obtained from
rewriting range of Egs. (15) and (16) into more general
ranges by means of Eq. (17):

2.6X 10— 3eS=d=8.7x 10— 3¢S (15)

3.6X 1073 S=d=7.1x10"%S (16)

As described above, an X-ray detector with high S/N
ratio 1s obtainable from making the i1-layer thickness of
the amorphous silicon photodiode larger than the nor-
mal thickness set from the viewpoint of sensitivity

What s claimed is:

1. A radiation detector block to be arrayed for form-
ing a detector array in an X-ray CT, said radiation de-
tector block comprising:

a plurality of detector elements each comprising a
scintillator and a thin film photodiode, said scintil-
lator having a front plane to which X-rays to be
detected are incident and a back plane opposite to
said front plane, each thin-film photodiode being
formed by a first electrode layer, at least one amor-
phous silicon layer and a second electrode layer
successively, depostted over said scintillator at the
back plane;

a plate-like supporting member having a first surface
to which each of said detector elements is bonded
so that said detector elements are arrayed in an
array with spaces between said detector elements
in such a way that a main part of the photodiode of
each of said detector elements is covered with said
supporting member and one end part of each of
said photodiodes 1s exposed;

a plurality of separators inserted in said spaces for
screening said detector elements radially and opti-
cally from each other;

a plurality of signal lines rigidly formed on a second
surface of said supporting member opposite to said
first surface; and

a plurality of bonding wires each electrically con-
necting each of said signal lines to a photodiode of
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each of said detector elements at said one end part
of said photodiode.

2. The radiation detector as defined in claim 1,
wherein said supporting member and a plurality of scin-
tillators are bonded by an insulation adhesive.

3. The radiation detector as defined in claim 1,
wherein the surface of each of said photodiodes which
is bonded at least to the supporting member is coated by
an insulating protection layer.

4. The radiation detector as defined in claim 1,
wherein a bonding pad formed by a thick film printing
is formed over the surfaces of said scintillators over
which said photodiodes are formed, the bonding pad
and signal lines on said supporting member are con-
nected by wire bonding.

8. The radiation detector as defined in claim 1,
wherein another supporting member is fixed on the
supporting member provided with said signal lines.

6. The radiation detector as defined in claim S5,
wherein said another supporting member is bonded
both to a back of the supporting member provided with
said signal lines and to an end portion of surfaces of said
plurality of scintillators on which said photodiodes are
formed.

7. The radiation detector as defined in claim 1,
wherein said photodiodes are formed each into a rectan-
gle a little wider in width near its opposite ends.

8. A process for manufacturing a radiation detector
block of an X-ray CT scanner wherein a plurality of
radiation detector elements are arrayed to form the

. detector block, said process comprising:

a first step for forming a plurality of amorphous sili-
con-containing photodiodes on the back of a scin-
tillator block having a width covering a plurality of
radiation detector elements divided into element
domains;

a second step for bonding and fixing a plate-like sup-
porting member on which a plurality of signal lines
are fitted on the back of said scintillator block so as
to cover at least a part of said plurality of photodi-
odes;

a third step for connecting said plurality of photodi-
odes and said plurality of signal lines together
through wire bonding;

a fourth step for cutting said scintillator block by
forming a plurality of grooves along split lines
between adjacent radiation detector elements from
the front of said detector block; and

a fifth step for inserting separators for screening the
radiation detector elements radially or optically
from each other in said plurality of grooves.

9. The process for manufacturing a radiation detector
as defined in claim 8, further comprising a step for coat-
ing a wire-bonded portion with resin between said third
step and fourth step.

10. The process for manufacturing a radlation detec-
tor as defined in claim 8, wherein the grooves in said
fourth step reach a layer of the adhesive used for bond-
ing 1n said second step.

11. The process for manufacturing a radiation detec-
tor as defined in claim 8, wherein the grooves in said
fourth step reach a surface of said supporting member.

12. The process for manufacturing a radiation detec-
tor as defined in claim 8, comprising a step for bonding
another supporting member further to a back of said

supporting member at least after said third step.
* * x x *
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